In the present study we investigated planum temporale asymmetry and corpus callosum morphology in a sample of young adult left-handed males, using MRI. Two subgroups of left-handed males were identified on the basis of their differing speech lateralization patterns, which were inferred from results of the Fused Dichotic Words Test. These individuals then underwent MRI in order to obtain area measurements of the left and right planum temporale and the midsagittal corpus callosum. Comparisons between these left-handed males and an archival sample of age-matched right-handed males were also performed. Results demonstrated a strong leftward asymmetry in the planum temporale among subjects with
Introduction
Previous investigations have demonstrated a clear population bias in the direction of planum temporale asymmetry with the majority of individuals having a larger left than right planum temporale (e.g. Geschwind and Levitsky, 1968; Witelson and Pallie, 1973; Wada et al., 1975; Steinmetz et al., 1989) . Because this cortical region is conspicuously located in the posterior speech zone and because humans show an overwhelming bias toward left-hemisphere speech lateralization (Rasmussen and Milner, 1977; Kimura, 1983; Segalowitz and Bryden, 1983) , it has been suggested that planum temporale asymmetry may be part of the anatomical foundation for speech lateralization.
However, considerable ambiguity exists regarding the true functional significance of planum temporale asymmetry. In
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left-hemisphere speech representation, regardless of handedness, but no consistent planum temporale asymmetry among subjects with right hemisphere speech representation. The results suggest that reversed speech lateralization is not necessarily accompanied by a concomitant reversal of planum temporale asymmetry. Examination of callosal areas revealed that left-handed subjects with left hemisphere speech functions had a larger corpus callosum than either left-handed subjects with right hemisphere speech functions or right-handed subjects. Increased interhemispheric communication may be required when the neural systems underlying speech and handedness are represented in opposite hemispheres. particular, although handedness differences in planum temporale asymmetry have been reported (e.g. Kertesz et al., 1986; Steinmetz et al., 1991; Habib et al., 1995; Steinmetz, 1996; Beaton, 1997) , it is well-known that only a minority of left-handed individuals have reversed (right hemisphere) speech functions (Rasmussen and Milner, 1977; Kimura, 1983) . Thus, handedness differences do not, in themselves, prove that planum temporale asymmetry is an anatomical correlate of speech lateralization. Are the left-handed individuals who have reversed planum temporale asymmetry the same individuals who have reversed speech lateralization?
A few studies have now attempted to address this question directly. In a case study of an individual who acquired Broca's aphasia after a right-hemisphere stroke, Blonder et al. (1994) found a rightward planum temporale asymmetry. Foundas et al. (1994) investigated planum temporale asymmetry using MRI in a sample of subjects who had undergone sodium amytal testing for determination of speech lateralization. All 10 of their right-handed subjects with lefthemisphere speech functions showed a leftward asymmetry of the planum, while the one left-handed subject with exclusive right-hemisphere language dominance showed a rightward planum temporale asymmetry. These studies are suggestive of a central role for planum temporale asymmetry in the development of language asymmetry, but because of their small sample sizes (in each case, n ϭ 1), they cannot be considered conclusive.
Other studies have investigated planum temporale asymmetry using dichotic listening as a non-invasive indicator of language lateralization. This enables larger sample sizes to be examined, but still, results have been equivocal. Kertesz et al. (1986) , in one of the first studies to examine the relationship between functional asymmetries and planum temporale morphology, found no relationship between dichotic listening scores and planum asymmetry. Jäncke and Steinmetz (1993) administered a number of dichotic listening tasks to a sample of left-and right-handed subjects and obtained planum temporale measurements from MRI. Consistent with Kertesz et al. (1986) , Jäncke and Steinmetz (1993) reported no relationship between either direction or degree of dichotic ear advantage and quantitative measurements of planum temporale asymmetry. However, because the subjects from these studies were randomly selected right-and left-handers, the vast majority obtained either a right-ear advantage or no ear advantage on dichotic testing. It is possible that a more highly selected sample of left-handed subjects would reveal clearer patterns of anatomical asymmetry.
In addition to investigating possible relationships between planum temporale asymmetry and language, researchers have been interested in the relationship between the area of the posterior body (isthmus) of the corpus callosum and speech lateralization. This interest arises in part from the hypothesis that the isthmus of the corpus callosum contains fibres originating in the planum temporale and surrounding perisylvian cortex (e.g. Witelson, 1991) . Evidence in support of this hypothesis comes from studies in monkeys and humans concerning the topographical distribution of cortical neurons in the corpus callosum (e.g. de Lacoste et al., 1985; Pandya and Seltzer, 1986) , and from studies reporting significant correlations between planum temporale asymmetry and morphology of the isthmus (Aboitiz et al., 1992; Zaidel et al., 1995) .
As with the planum temporale, handedness differences in the isthmal region of the corpus callosum have been reported (Witelson, 1989; Habib et al., 1991; Cowell et al., 1993; Clarke and Zaidel, 1994) , but a relationship between speech lateralization, specifically, and corpus callosum morphology has been more difficult to establish.
Interestingly, O'Kusky et al. (1988) reported that individuals with right hemisphere speech dominance had a larger corpus callosum than individuals with left-hemisphere language functions, suggesting that increased interhemispheric communication may be associated with reversed language asymmetry. Kertesz et al. (1987) investigated corpus callosum morphology in relation to dichotic listening performance and found no relationship between auditory language lateralization and overall corpus callosum size. More recently, Clarke et al. (1993) found a significant negative correlation between right-ear scores in dichotic listening and regional callosal anatomy among right-handed subjects (see also Clarke and Zaidel, 1994) , leading them to suggest that under dichotic stimulation, the corpus callosum may play an inhibitory role in phonetic speech processing. In order to test more clearly the hypothesis that variations in speech asymmetry are associated with systematic variations in the planum temporale and corpus callosum, individuals with normal and reversed speech lateralization must be specifically recruited, ideally while holding sex and hand preference constant. In the present study, a large number of left-handed males were initially screened in order to obtain two matched groups of left-handed subjects differing only in inferred speech lateralization. These subjects then underwent MRI to obtain measurements of planum temporale asymmetry and corpus callosum morphology. If planum temporale asymmetry is part of the anatomical foundation for speech lateralization, then subjects with a right ear advantage (REA) would be expected to have a larger left than right planum temporale, while those with a left ear advantage (LEA) would be expected to have a larger right than left planum temporale. We were fortunate to have access to MRIs from a large archival sample of right-handed subjects (Moffat et al., 1997) , who were examined for comparison.
Methods Subjects
Volunteers were obtained through advertisements posted around the University of Western Ontario campus and in a campus newspaper. Fifty-two left-handed males volunteered for the screening session. From this initial group, 16 subjects were selected for MRI (see below). The 16 volunteers were free of any auditory, neurological or psychiatric impairment as indicated by responses to a health questionnaire administered during the screening session. The mean age of the subjects was 23.3 years. Subjects were reimbursed for their participation. This study received ethical approval from the University of Western Ontario medical ethics committee for experiments involving human subjects. Informed consent was obtained from all participants.
Procedure Screening
Since~70% of left-handers have their speech functions located exclusively in the left-hemisphere (Rasmussen and Milner, 1977) , volunteers were screened using a dichotic listening test prior to inclusion in the MRI component of the study. This was done in order to select an approximately equal number of subjects with left and right hemisphere speech representation. During the screening session, subjects completed two handedness inventories and the Fused Dichotic Words Test (FDWT) (Wexler and Halwes, 1983, 1991) .
Dichotic stimuli were presented through Telephonics TDH-50P headphones attached to a Yamaha KX-330 cassette tape player with NAD 3020i amplifier. The FDWT consists of rhyming word pairs that differ only in the first consonant. Pairs of rhyming words (e.g. cage/page) were presented simultaneously, one to each ear, for a total of 240 trials. The subject's task was to circle the word he heard from a multiple choice array of four alternatives on each trial. Stimuli were counterbalanced for channel of presentation. The lambda index (Bryden and Sprott, 1981) was calculated as a measure of lateralization using all 240 trials. Previous work using the FDWT has demonstrated a close correspondence to speech lateralization as assessed by sodium amytal testing, and it has been suggested that the FDWT can be used to differentiate speech laterality on an individual basis (Zatorre, 1989) .
Based on the results of the dichotic listening test, 16 subjects were selected to undergo MRI, nine with a REA and seven with a LEA. (One subject who obtained a LEA withdrew from the study prior to MR imaging and was replaced by an individual with a REA.) Subjects with a REA on the FDWT were matched as closely as possible to those with a LEA to yield two equal groups, each representing a continuum of ear advantages from quite extreme ear asymmetries (|lambda| Ͼ 0.40) to weak ear asymmetries (lambda near zero). The resulting groups of left-handers with a REA (mean lambda ϭ 0.36) and left-handers with a LEA (mean lambda ϭ -0.21) differed only in direction [t(14) ϭ 4.50, P Ͻ 0.001 ] but not in degree of ear asymmetry [t(14) ϭ 1.22, P ϭ 0.242].
To confirm hand preference, an eight-item behavioural handedness inventory was administered requiring subjects to demonstrate which hand they would use to perform a variety of activities (Kimura, 1983) . Each of the 16 subjects in the present study performed at least three of these eight items with the left hand, including writing. Subjects also completed the short version of the Waterloo Handedness Questionnaire (WHQ) (Steenhuis and Bryden, 1989) . The scores on the 16 items were summed to obtain a total hand-preference score for each participant. The mean handedness score on the WHQ was -10.87. Thus, by either criterion, all subjects were well within the left-handed range.
MRI
Following the screening session, volunteers underwent MRI scans at University Hospital, London, Ontario. T 1 -weighted scans were performed by trained MR technicians on a 0.5-T General Electric Signa MR unit. Full brain axial sections, 2 mm thick with no interslice gap (TR ϭ 17.4 ms; TE ϭ 3.4 ms; matrix size ϭ 256 ϫ 192) and full brain sagittal sections (TR ϭ 416 ms; TE ϭ 20 ms; matrix size ϭ 256 ϫ 192) were obtained. Images were stored on optical disk, and anatomical measurements were obtained by a hand tracing method using the GE computer and monitor provided with the scanner. Pixel resolution of the images was 0.9 mm. During tracing, screen contrast parameters were held constant for each subject. Regions of interest included the midsagittal area of the corpus callosum and surface area of the planum temporale (see below). All anatomical measurements were performed blind with respect to dichotic listening scores.
MRI measurements Planum temporale
Because the sylvian fissure rarely shares the same orientation as the plane of imaging, a computer-generated reformatting technique was performed which allows reconstruction of an image through any plane of section. In this technique, sagittal sections were used to locate the sylvian fissure near the lateral surface of the temporal lobe. A new plane of section through the sylvian fissure was constructed, effectively 'removing' overlying cortex of the frontal and parietal lobes, thus exposing the superior surface of the temporal lobe for planimetric measurement. Because the orientations of the left and right sylvian fissures are not always identical, left and right reformations were performed separately using the same procedures. The plane of reconstruction was performed such that the posterior border of the planum temporale corresponded to the origin of the posterior ascending ramus of the sylvian fissure. This technique simulates, as closely as possible, the procedures used in anatomical studies in which the frontal and parietal lobes are physically removed with a knife cut, to expose the temporal plane. Figure 1 shows an example of the plane of section and a reconstructed view of the superior temporal lobe with its anatomical divisions which are described below.
The precise anatomical definitions of the planum temporale are frequently not outlined in detail and have been the subject of some debate (Witelson, 1977; Steinmetz et al., 1989) . In the present study, the methodology for calculating planum temporale area from the MRI was based on the procedures outlined in detail by Steinmetz et al. (1989) and crossvalidated on cadaver brains (see also Kulynych et al., 1993) . The anterior border of the planum temporale was defined by Heschl's gyrus which is bordered posteriorly by the prominent Heschl's sulcus. The most anterior transverse gyrus that was bordered posteriorly by a transverse sulcus of medial insular origin was defined as Heschl's gyrus. Heschl's sulcus was then defined as the anterior border of the planum temporale. If there was no continuation of Heschl's sulcus onto the lateral surface of the temporal lobe, the experimenter extended this sulcus to the lateral surface with a straight line that followed the medial-lateral orientation of Heschl's sulcus. The posterior border of the planum temporale was selected to exclude tissue contained within the posterior ascending ramus identified from the sagittal sections which were used to construct the reformatted plane. In Fig. 1 , the posterior border of the planum temporale can be further identified by the presence of white matter of the adjacent parietal lobe. The lateral border of the planum temporale was defined by the lateral surface of the superior temporal lobe. Identical criteria were used for both left and right planum temporale measurements.
Following anatomical delineation of the planum temporale, the borders of the planum temporale were traced using a computer monitor and track ball. The area of the planum temporale was calculated by computer software designed to calculate the area of irregular polygons. The left and right planum temporale were each measured twice, and the mean of the two measurements was taken as the most reliable estimate of planum temporale area. Intrarater reliability for 
Corpus callosum
Each individual's corpus callosum was divided into six subregions using a technique described previously (Moffat et al., 1997) . Briefly, the perimeter of the callosum was traced using a trackball and vertical tangents were constructed at the anterior and posterior extremes of the corpus callosum. The horizontal straight-line distance between the anterior and posterior end points was calculated and the corpus callosum was divided into six subregions by constructing five equidistant lines perpendicular to the horizontal line (see Fig. 2 ). The area of each subregion was then computed. Each subject's corpus callosum was measured twice, by the same experimenter. Reliability of the two area computations for each of the six callosal subregions was high (all r Ͼ 0.97). For each subject, the mean of the two measurements of each callosal subregion was used for statistical analysis.
Archival data
Archival MRI data were available from a group of 72 healthy right-handed males of a comparable age (mean 24.5 years) who had participated in a previous study (Moffat et al., 1997) . These scans, therefore, provided useful comparison data for the corpus callosum and planum temporale measurements described above. Dichotic listening scores were not available for the right-handed sample, but it can reasonably be assumed that almost all of these males would have left hemisphere speech representation, by virtue of being right-handed (Rasmussen and Milner, 1977) . To reduce the imbalance in the numbers of available right-and lefthanded subjects, and to eliminate the nuisance factor of having biological brothers in the right-handed sample (see Moffat et al., 1997) , only one brother from each right-handed pair was selected for comparing with the left-handers. The brother whose first name began closest to the beginning of the alphabet was arbitrarily chosen, yielding 36 righthanded males.
The MRI parameters and scanner used for obtaining the midsagittal sections were identical in the left-and righthanded groups, and measurements of the six callosal subregions were already available for the right-handers using the same corpus callosum measurement technique described above. Thus, for the corpus callosum, the left-and righthanders' data were strictly comparable. This was not true for the planum temporale. A limitation in the right-handers' data was that the resolution of the images had not been optimized, as in the present study, for precise determination of the planum temporale. Therefore, although it was possible to compare the incidence of left-greater and right-greater planum temporale asymmetries within the right-handed group, we did not attempt more direct comparisons between left-and right-handers, owing to the different scanning parameters and reduced precision in the right-handed group. Planum temporale measurements were not possible for two righthanded subjects because of missing MRI slices.
Results

Planum temporale
Among the 34 right-handed subjects on whom planum temporale measurements were possible, the left planum temporale (mean ϭ 544.23 mm 2 ) was significantly larger than the right planum temporale (mean ϭ 392.38 mm 2 ) [t(33) ϭ 5.43, P Ͻ 0.001], as is usually found. Overall, 30 right-handed volunteers had a larger left planum temporale, while 4 had a larger right planum temporale [χ 2 (1) ϭ 19.88,
Among the left-handed subjects, all nine subjects with a REA had a larger left than right planum [χ 2 (1) ϭ 9.00, P Ͻ 0.01], as expected. However, among subjects with a LEA, four had a larger right than left planum temporale and three had a larger left than right planum temporale, an essentially random distribution [χ 2 (1) ϭ 0.143, P ϭ 0.705] (see Table 1 ).
Within-subjects t tests comparing the size of the left and right planum temporale revealed that left-handed subjects with a REA had a significantly larger left than right planum temporale [t(8) ϭ 4.11, P ϭ 0.003], while the left and right plana did not differ in size among left-handed subjects with a LEA [t(6) ϭ 0.66, P ϭ 0.532] (see Table 2 for area means).
The strength of the association between language asymmetry and planum temporale asymmetry was evaluated by calculating a product-moment correlation coefficient in the left-handed group. There was only a non-significant trend in the expected direction, i.e. for dichotic listening asymmetry, as measured by the lambda laterality index, to be negatively correlated with planum temporale asymmetry [r(14) ϭ -0.443, P ϭ 0.085].
Corpus callosum
To examine possible handedness differences in corpus callosum anatomy, the left-handed subjects from the present study were compared with the archival sample of righthanders. The mean areas for each callosal subregion as a function of hand preference are presented in Fig. 3 . A significant difference, in which left-handers had a larger area than right-handers was observed in region CC5 [t(50) ϭ 3.28, P ϭ 0.002]. There was also a statistical tendency for left-handers to have a larger area in region CC4 [t(50) ϭ 1.72, P ϭ 0.092] and in total corpus callosum area [t(50) ϭ 1.91, P ϭ 0.062]. The degree of left-handedness, as measured by the WHQ, was not significantly correlated with any region of the corpus callosum (all r Ͻ 0.33, all P Ͼ 0.20).
To investigate more clearly whether callosal morphology is dependent on speech lateralization, subjects were classified jointly on the basis of their dichotic ear advantage and hand preference to form three laterality subgroups (left-handers with a LEA, left-handers with a REA and right-handers). One-way ANOVA (analysis of variance) followed by Tukey Honestly Significant Difference post hoc tests were used to compare these three groups using the mean area of each corpus callosum region as dependent variables. Figure 4 shows the mean areas for each of the three laterality subgroups in each region of the corpus callosum. One-way ANOVA revealed significant main effects of laterality in regions CC1 [F(2,49) ϭ 6.36, P ϭ 0.004 ]; CC4 [F(2,49) ϭ 4.50, P ϭ 0.016 ]; CC5 [F(2,49) ϭ 10.12, P Ͻ 0.001 ]; and CC6 [F(2,49) ϭ 4.11, P ϭ 0.022]. Post hoc tests revealed that with the exception of CC4, the left-handed REA group had a significantly larger corpus callosum than both the lefthanded LEA group and the right-handed group. In region CC4, the same pattern of results emerged, but the difference between the left-handed REA and left-handed LEA subjects failed to reach statistical significance. Overall, the left-handed REA group differed significantly from the other two groups in total corpus callosum area [F(2,49) ϭ 7.15, P ϭ 0.002]. In no region of the corpus callosum did the right-handed group differ from the left-handed LEA group.
The relationship between speech asymmetry and corpus 
Relationships between planum temporale asymmetry and callosal morphology
Because of the possibility that fibres of the planum temporale traverse through the isthmus of the corpus callosum (Witelson, 1991; Zaidel et al., 1995) , the intercorrelations between these anatomical measurements were investigated. As shown in Table 3 , there were numerous significant correlations between planum temporale morphology and the callosal measurements. In particular, the size of the left planum temporale was positively correlated with CC2 [r (14) The overall anatomical asymmetry of the planum temporale showed a similar pattern of correlations in which leftward planum temporale asymmetry tended to be associated with larger callosal regions, especially CC5. Figure 5 depicts the scatter-plot of the highly significant correlation between planum temporale asymmetry and the area of the callosal isthmus [r(14) ϭ -0.737, P Ͻ 0.001]. A more negative (left hemisphere) planum temporale asymmetry was associated with a larger callosal isthmus.
Discussion
Planum temporale
The most convincing method to establish unambiguously that planum temporale asymmetry is related to speech lateralization is to investigate planum temporale asymmetry in subjects with atypical language laterality. Such an approach leads to the simple prediction that individuals with right hemisphere speech dominance should have a larger right than left planum. Consistent with the view that the planum temporale is part of the anatomical foundation for speech asymmetry, Foundas et al. (1994) found that one patient with reversed speech asymmetry, as revealed by amytal testing, had a larger right than left planum. Similarly, Blonder et al. (1994) found that one individual who acquired Broca's aphasia following a right-hemisphere infarct had a rightlarger-than-left planum temporale asymmetry. In the present study, the examination of planum temporale asymmetry in the subjects with a LEA provides the most critical test of the hypothesized structure-function relationship of the planum temporale. These subjects would be expected to show a right-larger-than-left pattern of anatomical asymmetry, essentially the mirror image of that observed in the REA group. This was not the case. No difference between the size of the left and right planum temporale was observed in subjects with a LEA (planum temporale asymmetry ϭ -0.008), and the frequency of subjects with a larger left (n ϭ 3) or right (n ϭ 4) planum temporale approximated a random distribution. There are a number of conceivable explanations for this observation. These include: the possibility of measurement error in dichotic testing resulting in misclassification of subjects; the fact that some left-handed subjects may have bilateral rather than completely reversed speech representation; and the possibility that asymmetry in the planum temporale may, in fact, not be predictive of speech asymmetry. These possibilities will be considered in turn. Wexler and Halwes (1983) have demonstrated high testretest reliability for the FDWT (r ϭ 0.85 to 0.94) indicating that low reliability is not a significant source of error variance CC ϭ corpus callosum. *P Ͻ 0.10; ** P Ͻ 0.05; *** P Ͻ 0.01. in this test (see also Johnson et al., 1977) . A more critical issue is the validity of the FDWT as an instrument for classifying individuals according to their speech lateralization. Zatorre (1989) administered the FDWT to a sample of left-and right-handed patients who also underwent sodium amytal testing. Zatorre (1989) found that 36 out of 38 subjects (95%) with known exclusive left or right hemisphere representation of speech were correctly classified based on the direction of their ear advantage on the FDWT. These data suggest a high degree of accuracy in the use of the FDWT to classify subjects according to speech asymmetry. However, some left-handers have bilateral contribution to speech (Rasmussen and Milner, 1977) . Because the true hemispheric involvement in speech could not be independently verified in the present sample, the possibility that a small number of subjects, probably with ear advantages near zero, may have been misclassified cannot be completely excluded. However, if an error in dichotic listening classification was responsible for the present results, then approximately equivalent errors would be expected among subjects with a REA and a LEA. The fact that every individual with a REA had a larger left planum temporale argues against a simple measurement-error interpretation of the present findings.
An alternative explanation for the lack of a consistent rightward planum temporale asymmetry in subjects with a LEA is that the planum temporale may not be perfectly predictive of speech lateralization. Previous research already suggests that, if planum temporale asymmetry were used to predict speech asymmetry, it would consistently underestimate the incidence of left-hemisphere speech lateralization. As reviewed by Steinmetz (1996) ,~70-80% of right-handed subjects have a larger left than right planum temporale, a figure which surely underestimates the incidence of left hemisphere speech asymmetry in right-handers (Ͼ95%).
However, it should be noted that the basis for expecting 95% of right-handers to have left-lateralized speech functions is derived primarily from amytal testing which emphasizes speech production. It has been suggested that perceptual language mechanisms may not be as highly lateralized as speech production mechanisms (e.g. Zaidel, 1985) . If the planum temporale subserves receptive rather than expressive language, it is possible that planum temporale asymmetry may correspond more closely to lateralization in the perceptual domain. Consistent with this view is the observation that the planum temporale is anatomically adjacent to primary auditory cortex and covered cytoarchitectonically mostly with auditory association cortex (Galaburda et al., 1978) . Moreover, the planum temporale receives direct projections from primary auditory cortex and from the medial geniculate nucleus (Mesulam and Pandya, 1973; Galaburda and Pandya, 1983) suggesting an important auditory function for this cortical region. However, if the planum temporale is an anatomical foundation for receptive language asymmetry, then dichotic testing should perhaps be the best method for detecting it. While the presence of a leftward planum temporale asymmetry in subjects with a REA in the present study is consistent with this view, the absence of a clear rightward planum temporale asymmetry in subjects with a LEA did not support the view that planum temporale asymmetry is the anatomical substrate for auditory speech lateralization.
The recent application of functional neuroimaging to the study of the neural basis of language has begun to reveal new insights into the function of the planum temporale. Interestingly, a recent functional MRI study by Binder et al. (1996) investigated activation of the planum temporale during auditory speech and non-speech sounds. Binder et al. (1996) found that, although several left hemisphere cortical regions showed increased activation during speech perception, the planum temporale was not one of those regions. The planum temporale was activated equally by both speech sounds and tones during a passive listening condition, and actually showed greater activation to tone sequences than to speech sounds in an active listening condition. These authors suggested that the planum temporale may be involved in higher-order auditory processing and may not necessarily be a speech-specific cortical region. On the other hand, Paus et al. (1996) found, using PET, that as a function of increasing syllable rate, subvocal speech (whispering the syllables 'BA-LU' in a specified tempo and sequence) selectively activated the left cortical face area, posterior perisylvian cortex and the left planum temporale, implicating the planum temporale in speech-related neural processing. Future neuroimaging studies may help define more precisely the functional significance of the planum temporale.
Corpus callosum
A second interesting outcome of the present study was the observation of significant handedness-related differences in callosal morphology. Left-handers in the present study had a significantly larger CC5 than did right-handers. This finding replicates the results of Witelson (1985 Witelson ( , 1989 , Habib et al. (1991) , Cowell et al. (1993) and Clarke and Zaidel (1994) who reported handedness differences in the callosal isthmus.
The present results extend those of previous studies by demonstrating that the handedness difference in callosal morphology may be mediated primarily by patterns of speech lateralization in left-handers. In particular, only the subgroup of left-handers with a REA in dichotic listening had a larger corpus callosum compared with right-handers. Moreover, the left-handed REA group had a significantly larger corpus callosum than the left-handed LEA group. It is important to emphasize that the left-handed LEA group did not differ from the right-handed group in any feature of their callosal anatomy.
It is also important to note that the relationship between planum temporale asymmetry and corpus callosum morphology was strongest in the callosal isthmus. However, some relationship was apparent throughout the entire midbody of the corpus callosum. Although the isthmus is thought to contain fibres originating in perisylvian cortex (Pandya and Seltzer, 1986; Witelson, 1991) , including the planum temporale, the lack of specificity to the isthmus would not be surprising if planum temporale asymmetry were also indirectly reflective of lateralized neural processes and development in more anterior regions of the cortex (Binder et al., 1996) .
Considering the total corpus callosum area, the left-handed REA group had a corpus callosum that was~15% (SD 1.4) larger than each of the other two subgroups. This is not a trivial difference. If we accept the estimate of Tomasch (1954) that the corpus callosum contains some 200 million nerve fibres, then the 15% increase in corpus callosum size among left-handed REA subjects translates into~30 million additional neurons traversing the corpus callosum in these individuals. The question arises of why this particular group of subjects should differ so dramatically in their corpus callosum morphology from left-handers with right hemisphere speech function or right-handers, in whom left hemisphere speech function would certainly predominate. A key to interpretation may lie in the fact that the left-handers with REA are the only group in whom cerebral dominance for handedness and speech control are likely to be incongruent.
There is now overwhelming evidence that the neural programming systems subserving speech and manual movements are normally very tightly coupled, at least among right-handers. In right-handers, left-hemisphere lesions affecting the speech zones not only produce aphasias, but also manual and oral apraxia, motor programming deficits which result in the inability to carry out specified movements of the manual or oral musculature despite good strength and motility in the muscles (Kimura and Archibald, 1974; Kimura and Watson, 1989) . Indeed early in this century, Liepmann (1908; see translation by Kimura, 1980) suggested that aphasia and apraxia are fundamentally similar in that both result from a deficit in the selection and execution of complex movements.
Examination of developmental milestones in infants converges on the notion of a tight coupling between the neural mechanisms underlying speech and manual movements. Ramsay (1984) found that unimanual righthandedness appeared in infants in synchronization with the onset of syllable babbling. As well, congenitally deaf infants who are exposed to manual sign language begin to 'babble' in the manual mode during the same time period that hearing infants begin to babble in the vocal modality (Petitto and Marentette, 1991) . Case reports of deaf right-handed individuals that have acquired sign-language aphasia following unilateral cerebral lesions demonstrate that this manual system of communication is, like vocal speech, highly lateralized to the left-hemisphere (e.g. Chiarello et al., 1982;  for review, see Kimura, 1981) . So pervasive is the association between manual movements and speech that some theorists have suggested that a gestural system of communication may have preceded, and provided the neural architecture for vocal articulation in human evolution (Hewes, 1973; Kimura, 1987) .
The above evidence suggests that the hemispheric mechanisms subserving manual praxis and speech are normally tightly coupled in right-handed individuals, and may even share some common elements. Kimura (1993) has reported that left-handers are more likely to acquire manual apraxia following right than following left hemisphere lesions, suggesting that the neural mechanisms subserving motor control of the forelimbs may be lateralized to the right hemisphere in left-handed individuals. Thus, the left-hander with right hemisphere speech representation may be essentially the mirror image of the typical right-hander in that a single hemisphere controls both speech and praxic function. It is only in the left-hander with left-hemisphere speech representation that these normally tightly coupled systems presumably have become dissociated and represented in opposite hemispheres. Although control of manual movements and speech may not be 100% overlapping even in right-hander, the functional union between these systems is maintained by intra-hemispheric fibres, so long as they are represented in the same hemisphere. In the left-hander with left speech lateralization, the union between speech and manual praxis must almost certainly be maintained by interhemispheric connections and is thus probably dependent on callosal fibres. From this perspective, a larger corpus callosum in the group of left-handed REA subjects would not be unexpected.
A precedent for the current distinction between left-handers with a LEA and REA comes from the data of Kertesz et al. (1992) , who administered perceptual laterality tests and performed a variety of neuroanatomical measurements from in vivo MRI scans in a large sample of healthy left-and right-handed subjects. Although neither planum temporale nor corpus callosum anatomy was measured, they did observe consistent differences between left-handed LEA and lefthanded REA subjects in the size of several other cerebral regions, and suggested that congruent hemispheric dominance for speech and handedness may confer a biological advantage.
Finally, the present results are, at first glance, in contradiction to O'Kusky et al. (1988) who reported, in an epilepsy sample, that patients with right-hemisphere speech had larger callosa than patients with left hemisphere speech function. However, it is likely that the vast majority of O'Kusky's sample was right-handed as only one out of 50 subjects was classified as 'left-lateral' and only four out of 50 as 'mixed-left-lateral.' This suggests that their sample of patients with right-hemisphere speech may have been comprised primarily of right-handers. If so, their data can easily be incorporated into the present model. Right-handed individuals with right hemisphere speech lateralization would be another instance of hemispheric dissociation between the mechanisms subserving speech and manual praxis, and therefore a larger corpus callosum in such individuals would be expected.
In summary, the present study examined relationships between dichotic speech lateralization and the morphology of the corpus callosum and planum temporale in a sample of left-handed males. The results clarify findings from previous studies by suggesting that reversed speech asymmetry may not be accompanied by a concomitant reversal of planum temporale asymmetry. Also, the present findings extend our knowledge of handedness differences in corpus callosum morphology by demonstrating that it is the subgroup of lefthanders with left hemisphere speech representation that may have the largest corpus callosum.
